Development of a structurally well-defined small molecule with a high oxygen reduction reaction catalytic activity is a key approach for the bottom-up design of a metal-free carbonbased catalysts for metal-air batteries and fuel cells. In this paper, we characterize the oxygen reduction reaction activities of trioxotriangulene derivatives, which are stable neutral radicals with high redox abilities, via rotating disk electrode measurements in alkaline aqueous solution. Among trioxotriangulene derivatives having various substituent groups, N-piperidinyl-substituted derivative mixed with acetylene black shows a high catalytic activity with the two-electron transferring process exceeding other derivatives and quinones. To reveal the correlation between molecular structure and catalytic activity, we discuss substituent effects on the redox ability of trioxotriangulene derivatives, and demonstrate that a molecule with electron-donating groups yields relatively higher catalytic activities.
O xygen reduction reaction (ORR) which is usually promoted by Pt catalyst is a very important reaction for clean energy production, such as metal-air batteries and fuel cells 1 . However, the scarcity and high cost of Pt seriously restrict its commercial application. Extensive efforts have so far been devoted to carbon-based ORR catalysts replacing expensive Pt-based catalyst 2, 3 . Metal-doped carbon catalysts prepared by the pyrolysis of the mixture of transition metal salts and nitrogen/ carbon-based precursors are well-known to show high ORR activity comparable with Pt catalysts 4, 5 . Recently, metal-free carbon materials doped with heteroatoms such as nitrogen, boron, sulfur, and etc. have attracted increasing attention as efficient metal-free ORR catalysts. Since the first report on nitrogen-doped carbon nanotube in 2009 6 , various heteroatomdoped metal-free carbon catalysts 7 have been developed based on carbon nanotube 6, [8] [9] [10] [11] [12] , graphene 13 , graphite 14 , and nanoshell carbon material namely carbon alloy catalyst [15] [16] [17] [18] . These heteroatom-doped carbons are structurally undefined materials and not discrete, because they are prepared by the pyrolysis of small molecules or by doping heteroatoms into carbon atom framework. Recently, the mechanism and reactive sites of the ORR reaction on the nitrogen-doped carbon materials have been discussed based on the computational calculation 19, 20 . However, the intrinsic heterogeneity of the materials used as catalyst has impeded attempts to disclose their mechanism experimentally.
Compared to heterogeneous carbon-based materials, ORR catalysts based on organic small molecules have distinct molecular structures and homogeneity. Therefore, the properties of the molecules themselves are reflected directly to the catalytic performance, and the reaction mechanism and the correlation between molecular structure and catalytic activity can be clearly discussed. In addition, since the electronic structure and conformation of the molecules can be controlled precisely, the catalytic performance can be adjusted through systematic chemical modification at the molecular level. Bottom-up design of small molecule-based ORR catalysts provides important knowledge for the understanding of active site and the material improvement also in the development of heterogeneous carbon-based material. ORR catalytic activity of small molecules has been studied since the first report in 1964 on the cobalt phthalocyanine complex 21 , and various metal complexes of porphyrin, phthalocyanine, 1,10-phenanthroline and their derivatives have been investigated as ORR catalysts [22] [23] [24] [25] . Metal-free small molecule-based ORR catalysts have been also reported in methylviologen 26 and porphyrin derivatives 25, 27 , etc. In the anthraquinone process industrially utilized in the production of H 2 O 2 , O 2 is reduced to H 2 O 2 by mediating the redox of anthraquinone derivatives 28 . Quinone derivatives such as 9,10-phenanthrenequinone 29 and 9,10-anthraquinone 30 adsorbed on graphite electrode have also been investigated as ORR catalysts [31] [32] [33] . However, sufficient ORR catalytic activity was not obtained with these quinone-modified electrodes. In other cases, graphene quantum dots including a phenazine unit in the carbon framework has been recently reported to show high ORR catalytic activity [34] [35] [36] [37] , though they were yet to be estimated at a small-molecule level, as is the case with other carbon fragment materials like g-C 3 N 4 . 38 The π-conjugated polymers such as polyaryls 39 and poly(arylacenaphthenequinonediimine) 40 were reported to exhibit ORR catalytic activities.
Trioxotriangulene (TOT, Fig. 1 ) [41] [42] [43] [44] [45] is a polycyclic hydrocarbon functionalized with three oxo-groups, and its neutral radical is highly stable due to the delocalization of electronic spin on the whole 25π-electronic system. TOT derivatives also exhibit a four-stage redox ability generating thermodynamically stable polyanionic species, realizing a high performance Li-ion secondary battery 42 .
The redox between open-shell neutral radical and close-shell monoanion species (Fig. 1) occurs at a relatively high potential around 0 V vs. ferrocene/ferrocenium (Fc/Fc + ), and the redox potential can be flexibly tuned by the substituent groups R 44 .
In this paper, we investigate the ORR catalytic activities of TOT derivatives 1-5 ( Fig. 1) , and then the substituent effect is discussed in the relationship with redox potentials between their neutral radical and monoanion species. The N-piperidinyl-substituted TOT 5 with the lowest redox potential among 1-5 shows the highest catalytic activity among TOTs as well as anthraquinone derivatives. We believe that the present work highly contributes to the bottom-up tailored molecular design of metal-free ORR catalysts.
Results
Synthesis and redox properties of TOT derivatives. The new TOT derivatives 4 and 5 were synthesized by Pd-catalyzed crosscoupling reactions of the monoanion species of tribromo TOT 3 − with corresponding boronic acid and amine, respectively, followed by the one-electron oxidation. Both neutral radicals of 1-5 and monoanion salts of 1 − -4 − were stable under air. On the other hand, the salt of monoanion 5 − was gradually oxidized by air in both solution and solid states to generate the neutral radical 5. Figure 2 shows the differential pulse voltammetry (DPV) of 1-5 using DMF solution of tetra-n-butylammonium (n-Bu 4 N + ) salts of corresponding monoanions, where oxidation peaks from monoanion to neutral radical were observed. The oxidation potential (E ox ) became lower as the electron-donating ability of substituent groups became stronger with the order of Cl, Br (E ox = -0.04, −0.05 V vs. Fc/Fc + ) > H (E ox = −0.10 V) > Ph (E ox = −0.33 V). The N-piperidyl derivative 5 showed the lowest potential (E ox = −0.40 V), causing the air oxidation of 5 − .
ORR catalyst activities of TOT derivatives. To assess the ORR activity of TOT derivatives 1-5, cyclic voltammetry (CV) and linear sweep voltammetry (LSV) using a rotating disk electrode (RDE) were performed in 0.1 M KOH aqueous solution saturated with O 2 at room temperature. The glassy carbon electrode coated with TOT/acetylene black (AB) catalysts in a 3:10 weight ratio was used for the measurements. Figure 3a shows the CV of 1-5/ AB catalysts in the electrolyte solutions saturated with O 2 or N 2 , and the results are summarized in Table 1 . In the case of 1/AB catalyst, three reduction peaks were observed at 1.10, 0.60, and 0.36 V vs. RHE under an O 2 saturated environment. The peak at 0.60 V disappeared when the electrolyte solution was purged with N 2 , indicating that this peak corresponded to the reduction of O 2 . The peaks at 1.10 and 0.36 V were observed also in the N 2 saturated environment, and attributed to the redox processes of 1 from neutral radical to monoanion and from monoanion to radical dianion species, respectively. The ORR peak potential (E p ORR ) of 1/AB catalyst was very close to that of AB blank (0.61 V), suggesting that 1 has no or very weak activity as an ORR catalyst. The catalysts of chloro-and bromo-derivatives 2 and 3 exhibited similar behaviors with E p ORR = 0.62 and 0.63 V, respectively. In the case of phenyl derivative 4, the ORR peak was observed at E p ORR = 0.67 V, and a sharp reduction peak of 4 neutral radical was found at 0.81 V. E p ORR of the N-piperidinyl derivative 5, 0.74 V, was the highest among TOT derivatives 1-5. Figure 3b shows the disk-current density (j) curves of 1-5 in LSV measurement in comparison with AB blank. The ORR process was observed as the increase of j, and the catalytic activity was evaluated by the onset potential (E on ORR ) defined as a potential at j = -0.1 mA cm −2 . E on ORR of the AB blank electrode was +0.71 V vs. RHE. E on ORR of 1-3/AB catalysts were almost the same to that of the AB blank, suggesting that these TOT derivatives do not work as the catalyst of ORR. On the other hand, the 4/AB catalyst showed a slight positive shift of the ORR process by~0.03 V from the AB blank in addition to a sharp peak at 0.8 V originating from the reduction of 4 to monoanion 4 − . In the case of 5/AB catalyst, a large positive shift, E on ORR = 0.84 V, was observed. The results of CV and LSV measurements of 1-5/AB catalysts are well consistent, and thus indicate that 5/AB catalyst has the highest catalytic ability among TOT derivatives 1-5 (Fig. 3c) .
ORR catalyst behaviors of 5. The ORR behavior of 5 was further investigated in terms of catalytic activity. The quantitative estimation of electron-transfer number (n) was conducted through Koutecky-Levich (K-L) plot 46 . Fig. 4a shows LSV curves of the 5/AB catalyst at various rotating speeds of the electrode (ω). The cathodic current increased at a high rotating speed, and j −1 and ω -1/2 are in a proportional relationship. An obtained value of n from the K-L plot was 2.4-2.7 in the range of 0.2-0.5 V, which was almost the same with those of AB blank and 1-4/AB catalysts ( Fig. 4b and Supplementary Figs. 1 and 2) , confirming the present oxygen reduction was occurred mainly through two-electron transferring process.
The catalytic reduction of O 2 was also examined at a rotating ring disk electrode (RRDE) under the same solution conditions. The disk potential was scanned from 1.0 to 0.2 V vs. RHE at a disk-rotation speed of 1600 rpm while holding the ring potential constant at 0.4 V. These data are shown in Fig. 4c -f for the 5/AB catalyst and AB blank. The anodic ring current (I R ) increased at 0.8 V vs. RHE which is close to E on ORR , and the shape was similar to that of disk current (I D ) throughout the measurement range. The n value and HO 2 − production yield were calculated as follows 47 :
where N = 0.43 is the collection efficiency of the ring electrode. The HO 2 − production yield upon the reduction of O 2 was calculated as ca. 60% for 5/AB catalyst. The n value per O 2 molecule at the 5/AB catalyst was calculated to be ca. 2.7, which is close to that obtained by the K-L plot in the range of 0.2-0.5 V ( Supplementary Fig. 2 ). These results suggest that the pathway of ORR on the 5/AB catalyst is a two-electron process essentially, although the selectivity of the reaction was low. Similar behavior was observed for 1-4/AB catalysts ( Supplementary Fig. 3 ). The origin of the large n and low H 2 O 2 yield of TOT/AB catalysts as a two-electron process was not elucidated, and some experimental effect such as subsequent reaction would cause the low selectivity.
In order to optimize the 5/AB catalyst, we investigated the effect of mixing ratio of 5 and AB on catalytic activity. Both E on ORR and current density became larger with increasing the amount of 5 up to 1:10 ratio, and then saturated at~0.82 V (Fig. 5) . The catalyst only containing 5 without AB showed little activity. This is because 5 is an insulator, and AB is necessary as a conductive additive to form electrical contact between 5 and electrode.
During repetition of the ORR process of 5/AB catalyst in 0.1 M KOH aqueous solution, both reduction current j and onset potential E on ORR monotonously decreased at more than 20 cycles (Fig. 6a, b) . As shown in the SEM images of surfaces of the 5/AB catalyst before and after the LSV measurement, the block-like crystals of 5 dispersed in AB became smaller after the reaction (Fig. 6c, d ). Such a crystal decay caused by the redox reaction of 5 would be the origin of the degradation of ORR activity. However, the degradations were small, and the 5/AB catalyst exhibited a catalytic activity even after 100 cycles. Such a high stability of the ORR process of 5/AB catalyst would be derived from the thermodynamic stability of both neutral radical and monoanion of 5. Polymerization 40 of the TOT skeleton and/or covalent attachment to carbon substrate 29, 30 would be effective for further improvement of the stability of ORR catalytic activity of 5.
Recently, it has been reported that trace levels (ppm) of transition metal impurities have a significant influence on the ORR catalytic activity 48 . In the case of 4 and 5, the contamination with Pd which was used in the synthesis as catalysts of crosscoupling reactions is expected to have effects on the ORR catalytic activity. Actually, in the case of a "crude" sample of 4 containing 3180 ppm of Pd impurity, the LSV curve shifted higher in~0.03 V than that of Pd-free 4 (78 ppm of Pd impurity, smaller than the experimental error) ( Supplementary Fig. 4 ). Following these results, the amounts of transition metal impurities of each TOT derivatives were measured by inductively coupled plasma mass spectrometry (ICP-MS) analysis, and the ORR catalytic activities were measured only for samples of Pd impurities of <200 ppm (Supplementary Table 1 ). Furthermore, in order to elucidate the effect of Pd contamination on the ORR catalytic activity, we demonstrated LSV measurements of the AB blank and 5/AB catalysts mixed with Pd/C (Fig. 7) . Here, the mixing ratio of Pd was calculated based on the amount of 5 (AB:5 = 10:3) in the catalysts (Supplementary Table 2 ). The E on ORR value became large gradually with increase of the Pd ratio, and E on ORR of the catalyst including 100000 ppm (10%) Pd reached to ca. 0.90 V vs. RHE. We also conducted the LSV measurements of 5/AB catalysts in several batches including Pd impurities of 100-3000 ppm, however, an obvious relationship was not found between impurity and ORR catalytic activity ( Supplementary Fig. 5 ). These results indicate that the effect of Pd impurity is negligible in the present experiments, since the amount of Pd impurity was smaller than 200 ppm for all TOT derivatives (Supplementary Table 1 ).
Substituent effect on ORR catalyst activity. The relationship between redox potentials in the solution state DPV measurement (E ox ) and ORR potentials (E p ORR and E on ORR ) of TOT/AB catalysts implies that a TOT derivative having an electron-donating group (4 and 5) has a higher catalytic activity. A close correlation between the redox potential and ORR catalytic activity has been also discussed in quinone analogues 33 . We conducted the density functional theory (DFT) calculation on 1 − -5 − , and their highest occupied molecular orbital (HOMO) energies were summarized in Table 1 . Introduction of electron-donating phenyl and N-piperidinyl groups enhanced the HOMO energies of TOT monoanions from −1.38 eV of 1 − to −1.23 eV of 4 − and −1.15 eV of 5 − , respectively. The obtained values correspond to E ORR of the TOT derivatives, where 4 and 5 with higher HOMO energies showed higher ORR activities, whereas 1-3 with lower HOMO energies had low activities. In the ORR process, an electron moves from the catalyst to O 2 ( Fig. 1) , and therefore the cooperation of redox of catalyst and O 2 is necessary. As shown in the CV measurements of 4/AB catalyst (Fig. 3a) in a 0.1 M KOH aqueous solution, the oxidation peak of 4 (0.81 V) was close to the ORR peak potential (0.67 V) in comparison with those of 1-3/AB catalysts. Since the tails of the redox peak of 4 and the ORR peak overlapped each other, these processes could weakly cooperate, resulting in the slight shift of the E ORR potential. In the case of 5/AB catalyst, the redox potential of 5 is expected to be lower than that of 4 from the E ox and DFT calculation. Although oxidation of 5 − itself was not observed in both CV and LSV measurements, the redox of 5 and ORR processes would occur at the same or very close potential. These results indicate that the enhancement of the cooperativity of ORR and redox of TOT caused the highest activity in the 5/AB catalyst.
Reaction mechanism. Simply considering the reaction cycle shown in Fig. 1 , the charge-transfer between TOT -and O 2 generates HO 2 − and TOT neutral radical, which was electrochemically reduced at the electrode to generate TOT − , which further reduces O 2 . As shown in the HOMO distribution of 5 − in the DFT calculation (Fig. 8) , the largest HOMO coefficient locates at the central carbon atom, and this atom may also behave as a reactive site. On the other hand, in a recent study on the π-conjugated polymer-based ORR catalyst, it was discussed that the carbon atoms having positive charge densities adjacent to heteroatoms are the reactive sites to O 2 40 . Thus, we also investigated the charge density distribution on the TOT framework by the DFT calculation (Supplementary Table 3 ). All of 1 − -5 − have high positive charge densities of about +0.32 on the carbonyl carbon atoms (4, 8, 12-positions in Fig. 8 ). In addition, as the electron-donating ability of the substituent R increases, the charge densities at the 2, 6, and 10-positions shift positively, and the charge densities become +0.29 in 5 − (Fig. 8) . Therefore, it can be speculated that the positively charged carbon atoms behave as the reactive site in the ORR of 5/AB catalyst. As shown in Fig. 5a , the catalyst containing only 5 did not show a shift of E on ORR and ORR catalytic activity. This result implies the AB works not only as a conductive additive, and that the electronic interaction between 5 and AB is necessary for the catalytic activity of 5/AB catalyst.
Discussion
It is difficult to simply compare the ORR catalytic activity of 5/AB with those of other catalysts such as heteroatom doped carbon [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] /graphene quantum dots [34] [35] [36] [37] , because their electrode preparation methods, measurement conditions, and potential standard are different for each investigation. However, when these previous studies are overviewed as a whole, the E on ORR values are ca. 0.80-0.85 V vs. RHE at most. We also compared the catalytic activity of 5 with quinone derivatives which are known to exhibit the two-electron ORR catalytic activity in the completely same conditions with those of TOT derivatives (Supplementary Fig. 6 ) [29] [30] [31] [32] [33] . The E on ORR of the quinone derivatives were smaller than 0.80 V. Although E on ORR of the 5/AB catalyst was smaller than that of Pt/C catalyst (1.13 V), the 5/AB catalyst possesses a similar or higher catalytic activity among these metalfree ORR catalysts.
In this paper, we have characterized the ORR catalytic activity of the TOT system, which gives stable neutral radical and monoanion. The screening of substituent groups on the TOT skeleton revealed that the N-piperidinyl derivative 5 exhibited a peculiarly high activity with a two-electron ORR process. The analysis of substituent effect on the redox potential and HOMO energy indicated that the cooperation of redox of TOT and ORR, both of which occurs at the same or close potential, is one of the most important factors of the catalytic activity. The high stability of both neutral radical and monoanion of TOT highly contributed to the stability of catalytic cycle over 100 times.
In the previously reported carbon-based ORR catalysts with heteroatom doping, top-down fabrication approach has been made, and the structures of the materials were not discrete and unclear. Therefore, it was difficult to discuss the mechanism of ORR process and the effect of chemical modification experimentally. The present study shows a molecular-level insight of the ORR catalytic activity on neutral radicals, and demonstrate a bottom-up approach for tailor-made designing for the metal-free ORR catalyst. Our next target is the four-electron ORR catalytic activity under acidic conditions that has not achieved in TOTbased catalysts, and the development of a high-performance metal-free fuel cell.
Methods
Materials. TOT neutral radicals 1-3 were synthesized according to our previous papers 42, 44 . Solvents for the syntheses were dried (drying reagent in parenthesis) and distilled under an argon atmosphere prior to use: DMF (CaH 2 ); THF (Na-benzophenone ketyl). Other commercially available materials were used as received. All reactions requiring anhydrous conditions were performed under an argon atmosphere.
Material characterization. Melting and decomposition points were measured with a hot-stage apparatus with a Yanako MP-J3, and were uncorrected. Melting and/or decomposition were detected by eye observation. The decomposition was observed by changing of the color, where the surface of powdered samples became dark above the decomposition points. Elemental analyses were performed at the Graduate School of Science, Osaka University. ICP-AES measurements were performed using an ICPS-8100 of Shimadzu Corporation, and amount of Fe and Cu impurities were also investigated. 1 H NMR spectrum was obtained on a JEOL ECA-500 with DMSO-d 6 using Me 4 Si as an internal standard. ESI-MS spectra were measured from solutions in MeOH on a Thermo Scientific LTQ Orbitrap XL. Electronic spectra were measured for KBr pellets or solutions on a Shimadzu UV/vis scanning spectrophotometer UV-3100PC. Infrared spectrum was recorded on a JASCO FT/IR-660 Plus spectrometer using a KBr plate (resolution 4 cm −1 ).
Synthesis of 4.
In a 300-mL Schlenk flask, radical precursor 3 (422 mg, 0.75 mmol), phenyl boronic acid (932 mg, 7.64 mmol), Pd(PPh 3 ) 4 (91.2 mg, 0.079 mmol) were suspended in a mixture of DMF (50 mL) and 1 M NaHCO 3 aqueous solution (50 mL). The mixture was degassed by a repeated pump-thaw method, and was stirred at 100°C for 17 h. After cooled to room temperature, 2 M HCl aqueous solution (50 mL) was poured into the reaction mixture. The resulting precipitate was collected, and then washed with EtOH and ethyl acetate. To a suspension of the resulting solid in a 100-mL round-bottomed flask, acetone (50 mL) and (n-Bu) 4 NOH (1 M MeOH solution, 1.0 mL, 1.0 mmol) was added. The reaction mixture was refluxed for 1 h, and then the evaporated under reduced pressure. The residual was washed with hot water, and the precipitate was collected by filtration. The resulting powder was recrystallized from EtOH, to give the (n-Bu) 4 In a 50-mL Schlenk flask, (n-Bu) 4 N + salt of 4 − (40.4 mg, 0.051 mmol) was dissolved in THF (10 mL). To this mixture, a solution of DDQ (39.3 mg, 0.173 mmol) in THF (5 mL) was added using cannula. The mixture was stirred at room temperature for 0.5 h. The resulting precipitate was collected by filtration, and then washed with THF, to give 4 (27.4 mg, 98%) as a green powder. dp. Synthesis of 5. In a pressure tube, (n-Bu) 4 N + salt of 3 − (2.00 g, 2.48 mmol), piperidine (3.0 mL, 5.4 mmol), Pd 2 (dba) 3 (220 mg, 0.26 mmol), XPhos (120 mg, 0.26 mmol), and t-BuONa (1.08 g, 11.8 mmol) were dissolved in THF (100 mL). The mixture was degassed by a repeated pump-thaw method, and then the tube was sealed. The reaction mixture was stirred at 80°C for 18 h. After cooled to room temperature, MeOH and CHCl 3 was added to dissolve the product. The insoluble material was removed by filtration, and the filtrate was concentrated under reduced pressure. The residue was subjected to a silica gel column chromatography with mixtures of 1:4 benzene/CHCl 3 containing 0.5% MeOH-9:1 CHCl 3 /MeOH as eluant to give 5 (351 mg, 25%) as a green powder. Further purification to remove Pd impurities contained in a very small amount, the product was treated with metal scavenger R-cat-Sil AP (Kanto Chemical co.inc.) in CHCl 3 for 8 h. The metal scavenger was removed by filtration, and the filtrate was concentrated under reduced pressure. The residue was washed with hexane, and then recrystallized from hot CHCl 3 , to give 5 for the ORR measurement. Since 5 − was oxidized by air during the purification, neutral radical of 5 was isolated. dp. ORR characterization. ORR measurement was made with a dual electrochemical analyzer ALS730EM with rotating disk electrode (RDE) or rotating ring disk electrode (RRDE-3A). The catalyst ink for the electrochemical measurement was prepared as follows. Firstly, ink solvent was prepared by mixing 1 mL of 5 wt.% Nafion solution (Aldrich, 527084), 4.79 mL of pure water and 5.11 mL of isopropyl alcohol (Wako, 166-04831). Then, TOT-added ink was prepared by dispersing 0.3 mg of TOT neutral radical and 1 mg of acetylene black (AB) into 80 μL of the ink solvent. Pt/C-added ink was prepared by dispersing 0.65 mg of 46.1 % Pt/C into 80 μL of the ink solvent. Electrochemical activities were examined through CV and LSV studies using 0.1 M KOH solution at room temperature as the electrolyte solution, a rotating disk electrode (glassy carbon disk) as the working electrode, an Ag/AgCl electrode as the reference electrode and a Pt wire electrode as the counter electrode. The catalyst ink was loaded on the glassy carbon disk at a 160 μg-TOT/ cm 2 , 160 μg-Pt/cm 2 , 530 μg-AB/cm 2 and 180 μg-Nafion/cm 2 . The electrode rotation speed was 1600 rpm for LSV measurement, and the scanning rate was 5 mV/s for LSV and CV measurements.
Purchased catalysts were as follows: 46.1 % Pt/C (Tanaka Kikinzoku, TEC10E50E), acetylene black (AB; Denka), 9,10-phenanthrenequinone (Aldrich, 156507), 9,10-anthraquinone (TCI, A0502) and 2-amino-9,10-anthraquinone (TCI, A0255). These were used without further purification.
Computational details. Density functional theory (DFT) calculations were performed using the Gaussian 09 program package. The calculation was performed at the B3LYP/6-31G** level of theory with optimization of the geometries.
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